Abstract Addressing the challenges of global warming requires interventions on both the energy supply and demand side. With the supply side responses being thoroughly discussed in the literature, our paper focuses on analyzing the role of end use efficiency improvements for Indian climate change mitigation policy and the associated co-benefits, within the integrated assessment modeling framework of Global Change Assessment Model (GCAM). Six scenarios are analyzed here in total-one no climate policy and two climate policy cases, and within each of these one scenario with reference end use energy technology assumptions and another with advance end use energy technology assumptions has been analyzed. The paper has some important insights. Final energy demand and emissions in India are significantly reduced with energy efficiency improvements, and the role of this policy is important especially for the building and transportation sector under both reference and climate policy scenarios. Though energy efficiency policy should be an integral part of climate policy, by itself it is not sufficient for achieving mitigation targets, and a climate policy is necessary for achieving mitigation goals. There are significant co-benefits of energy efficiency improvements. Energy security for India is improved with reduced oil, coal and gas imports. Significant reduction in local pollutant gases is found which is important for local health concerns. Capital investment requirement for Indian electricity generation is reduced, more so for the climate policy scenarios, and finally there are significant savings in terms of reduced abatement cost for meeting climate change mitigation goals.
Introduction
Global warming and its expected negative consequences have been well recognized by the scientific community and policy makers alike (Trenberth 2012; Nakicenovic et al. 2000) . Climate change mitigation policy is gaining increasing importance in contemporary global discussions, with the importance of India being highlighted in many discussions Calvin et al. 2012) . India is highly vulnerable to the impacts of climate change as well (O'Brian et al. 2004; Sanghi and Mendelsohn 2008) . Indian policy makers are therefore duly emphasizing adaptation to climate change as well as emission mitigation strategies, as highlighted in the national action plan on climate change as well as the new solar energy mission and national mission on enhanced energy efficiency (GoI 2008 (GoI , 2011 .
There is a significant literature discussing the emission mitigation challenges and policies for India, most of which are focused on the supply side (see e.g. Sathaye and Phadke 2006; Shukla et al. 2008; Mathy and Guivarch 2010; Chaturvedi 2012, 2013; Ramachandra and Shwetmala 2012) . The crux of the supply side assessment is that long term evolution of Indian energy system will be dependent on fossil fuels and acclimate policy is necessary for reducing this dependence and meeting emission reduction goals. However, policy options for reducing energy demand are equally important for India and energy efficiency improvements in end use sectors is one such important policy.
Studies focusing on the industrial sector deal with a variety of issues related to energy efficiency in the industrial sector-ranging from barriers to adoption of efficiency measures, scope of energy savings, to the rebound effects of higher energy efficiency, and discuss the importance of energy efficiency improvements for the industrial sector (see e.g. Worrell et al. 1999; Rohdin and Thollander 2006; Allan et al. 2007; Abdelaziz et al. 2011) . Trudeau et al. (2011) highlights that energy efficiencies of Indian industries vary widely, and have an important role in emission mitigation strategy for the Indian industrial sector. Studies focusing on energy efficiency in the building sector highlight lack of awareness/information, financial reasons, and split incentives as some important barriers to energy efficiency improvement in buildings (see e.g. Reddy 2003; Nassen et al. 2008; Schleich 2009; Tuominen et al. 2012) . Personal attributes like income and education have been highlighted as important for undertaking energy efficient investments. In the transport sector as well, lack of awareness, incentives, infrastructure and fuel pricing policies impede the adoption of energy efficiency technologies (Komor et al. 1993; Liimatainen et al. 2012) . Interestingly, technical efficiency is not the only means to improve transportation sector efficiency and there can be alternative strategies like mobility management, shortening trip lengths and increasing vehicle occupancy which are more valuable as compared to increasing vehicle fuel efficiency (Tzeng et al. 1991; Litman 2005) .
In summary, the literature on end use efficiency indicates that significant reduction in energy demand can be achieved through the end use efficiency improvements, though there are many barriers which need to be overcome. For India, the Bureau of Energy Efficiency (BEE 2012) has proposed, among many other measures, building energy conservation codes as well as tradable energy efficiency certificates for energy intensive industries and facilities. However, there is clearly a lack of studies related to analyzing and understanding the role of energy efficiency in long term scenarios of energy and emission mitigation, especially for developing countries like India.
Another important aspect from the perspective of developing countries is the issue of cobenefits. It has been argued that strategies which enable developing countries to pursue development goals in alignment with emission mitigation objectives will motivate these regions to actively participate in and implement climate policy regimes (Halsnaes and Shukla 2007; Zusman 2008) . However, few researches include the analysis of co-benefits in their framework.
Our study focuses on these two aspects: importance of end use efficiency measures and the associated co-benefits. The important questions being asked in this study are-a) what is the impact of end use energy efficiency improvements on the demand for final energy and primary energy in India? b) what are the implications of improving energy efficiency for Indian climate change mitigation policy? c) what are the co-benefits of improving end use energy efficiency for India? In the next section we present the method and scenario framework, which is followed by the section on results and discussions. Finally we conclude with the insights and learning from the study.
Method
We use Global Change Assessment Model (Indian Institute of Management Ahmedabad version, GCAM-IIM) for our analysis.
1 GCAM is a partial equilibrium focused integrated assessment model that tracks energy demand and supply for 14 world regions. On the supply side, GCAM tracks the consumption of fossil fuels, nuclear fuel and renewable fuels. Service demands are modeled for three end use sectors-Industry (refer Brenkert et al. 2003) , Transport (refer Kyle and Kim 2011) and Buildings (refer Chaturvedi et al. 2012) .
The scenario analysis presented here is from a subset of scenario runs for EMF 27 intermodal comparison study (Kriegler et al. 2012 Within each policy scenario, there are two scenarios each-one with a reference technology assumption for end use technology, and another with advance technology assumptions. The efficiency improvement assumptions are presented in Appendix 2, and are informed by Kyle et al. (2007) , Clarke et al. (2008) as well as our own understanding of the evolution of Indian energy system. Economic and demographic assumptions for GCAM-IIM have been presented in Appendix 3. (Fig. 1a) . However, the rate of increase varies for different end use sectors. The highest rate of increase is in the transportation sector, followed by the industrial sector and then the building sector. Between 2005 and 2090, final energy increases by 20 times for transportation, 12 times for industry and six times for the building sector. However, the share of transport sector would still be lowest at 20 % in 2095, and industry sector taking 53 % with rest consumed by buildings.
Building sector Building sector consumed almost half of the total final energy in India in 2005. This is because it is dominated by highly inefficient traditional biomass, 2 predominantly for cooking. In the no climate policy scenario also hence the efficiency of service delivery increases hugely (Appendix 4) as more efficient fuels come in the market, building shell efficiency improves, and traditional biomass is phased out with rising incomes as well as health and environmental concerns. The huge increase in aggregate energy efficiency of the building sector by more than 4 times between 2005 and 2090 results in an increase in energy consumption by only by 6 times corresponding to an increase in service delivered by 24 times during this period The final energy consumption increases from 7.1 EJ in 2005 to only 20.4 EJ in 2050 and 41 EJ in 2090.
Industrial sector If we normalize for the energy efficiency of end use sectors, then industrial sector will emerge as the largest consumer of final energy in India even in 2005. Aggregate energy efficiency of industrial services will improve slightly in the no climate policy scenario across the century. Final energy consumption in the industrial sector grows from 6.7 EJ in 2005 to 44.6 EJ in 2050 and 81.5 EJ in 2090. This implies that this sector will dominate with 53 % share in the total final energy consumption in India in 2090.
3 The corresponding service demand increases by 13 times between 2005 and 2090. Share of electricity in industrial energy use will increase from 21 % in 2005 to 39 % in 2090. The share of co-generation technologies will also increase by 7 %. All this increase will come at the expense of conventional fossil technologies, especially refined liquids, the role of which will decrease significantly in industrial energy use.
Transportation sector Growth in transportation service demands are closely linked to the urbanization trends, and with rapid urbanization in India, the energy demand for meeting transportation needs will also explode. Passenger service demand will grow by 10 times between 2005 and 2050 and then further by two times by 2090. For freight demands, this rate of increase is 4.5 and 2.1 times for the two time periods respectively. Total energy demand in the transportation sector will grow from 1.5 EJ in 2005 to 13.3 EJ in 2050 and 30.9 EJ in 2090. Electric vehicle technologies will increase their share significantly with electric LDVs taking 5 % share in service delivery by all LDVs in 2025 which will increase to over 19 % by 2090. Interestingly, though the aggregate energy efficiency of service delivery improves in the freight transport sector, it declines in the passenger transport sector. This decline is due to the increasing share of air transport in this sector. Air travel, which consumes 10 % of the energy consumed in the transportation sector in 2005, will consume 30 % of transport energy in 2050 and this will keep increasing in the future as income rises. As air travel requires more energy consumed per unit distance, the energy efficiency of the passenger transport sector will decrease in the future.
Results with advance end use technology assumptions
With end use energy efficiency improvement policy (or Base_LowEI, advanced end use technology assumptions), final energy consumption decreases by 5 % in 2030, 8 % in 2050 and 16 % in 2090 (Fig. 1a) . However, the decline is not similar across end use sectors, with both building and transport sector energy consumption reducing by 28 % and 30 % respectively in 2090, while reduction in the industrial sector being only 4 %. In the near term, 2030, reduction for the transportation sector is more than 15 % due to rapid increase in the efficiency of transportation technologies and shift away from less efficient fossil based vehicles. However, as the share of industrial sector in India's final energy consumption keeps increasing in the future, the overall effect on energy demand reduction is lower.
It should be highlighted that we find a rebound effect across all the end use sectors. Though the energy consumption reduces, we find that energy service demand of end use services increases marginally. This increase in service demand can be attributed to the rebound effect. Higher end use technology energy efficiency implies lower energy consumption for a given level of service delivered and hence lower cost. The lower cost of energy induces an incentive to increase energy consumption and associated production, increasing the energy service demand and final energy consumption. For the building sector however, additional assumptions about accelerated building shell efficiency improvements under the Base_LowEI scenario leads to a decline of service demand and consequently final energy. For the transportation sector, along with an increase in service demand in 2090 by 4 % (relative to Base_AllTech) for passenger transport and 10 % for freight transport, significant decline in energy consumption is observed under the Base_LowEI scenario which is due to the high rate of transportation technology efficiency improvements assumed under this scenario. Modal shares of light duty vehicles, buses, and rail are same for both Base_AllTech and Base_LowEI scenarios, though within a given mode there is a shift between different fuel technologies. For the industrial sector, even though the efficiency of most end use technology increases by 10-12 % (excluding conventional fossil technologies), the decline in energy consumption is just 4 % as the service demand increases by 3 % in 2090 relative to Base_AllTech. See Appendix 2 for detailed end use energy efficiency improvements under Reference and Advanced scenarios.
As a result of end use efficiency improvements, the primary energy consumption in India also declines by the similar relative amount as the final energy, i.e. 8 % in 2050 and 15 % in 2090. However, there is negligible change in the primary energy mix (Appendix 5), even though the relative decline in fuels is different. Coal, nuclear energy and non-biomass renewables all decrease by around 20 %, while oil, natural gas and biomass all decline by around 10 %. This however only negligibly affects their final shares in the primary energy mix. Carbon dioxide emissions are also reduced commensurately as a result of energy efficiency improvement as primary energy demand is reduced. Emissions decline by 9 % in 2050 and 18 % in 2090 in Base_LowEI compared to Base_AllTech.
Climate change mitigation policy scenarios
Climate change mitigation policies aim at emission reduction. This can happen in three waysby shifting towards low carbon fuels and technologies, by reducing the service demand itself, and by reducing energy consumption for a given level of service demand by shifting towards more efficient technologies. The climate policy results with reference technology assumptions (450_AllTech and 550_AllTech) include the first effect, i.e. decarbonization as a result of a value on carbon. The climate policy results with advance technology assumptions (450_LowEI and 550_LowEI) also include the effect of energy consumption reduction (due to higher end use energy efficiency) along with a value on carbon.
The decrease in final energy demand due to climate policy is much higher as compared to the reduction in that due to energy efficiency improvements alone. As a result of value put on carbon, final energy demand reduces by 10-15 % in 2050 and 19-24 % in 2090 (Fig. 1a) in the climate policy scenarios (450_AllTech and 550_AllTech) compared with that under no climate policy scenario for reference technology assumptions (Base_AllTech). This reduction is much higher compared to the reduction brought by energy efficiency improvements under the no climate policy scenarios(in Base_LowEI as compared to Base_AllTech) which are 8 % and 16 % for the 2 years. Higher tax on carbon leads to higher energy demand reduction due to increase in fuel prices. Within the climate policy scenarios, energy efficiency improvements lead to similar gains (in 450_LowEI and 550_LowEI as compared to 450_AllTech and 550_AllTech) as observed under the no climate policy scenario-6 % reduction in 2050 and 13-15 % reduction in 2090 (Fig. 1a) . The two effects together reduce the final energy demand substantially by 15-20 % in 2050 and 29-34 % in 2090 as compared to the Base_AllTech (no climate policy) scenario.
An important result is that the decrease in final energy consumption is mainly concentrated in the industrial sector. Under the most stringent climate policy scenario (450_AllTech) energy consumption declines by 25 EJ in 2090 for the industrial sector, 10 EJ for the transport sector, and only 2 EJ for the building sector, compared to Base_AllTech. In terms of percentage this decrease is over 30 % for both the industrial and transport sector, but only 5 % for the building sector.
It is interesting to note that in terms of their effect on service demand, the two policy interventions work in opposite directions. While a carbon tax under the climate policy scenarios raises the cost of energy service which leads to reduction in energy service demand, the end use efficiency improvements reduce the cost of service leading to an increasing effect on energy services, also called the rebound effect. However both policies lead to a reduction in final energy consumption.
There are two important points to be highlighted for fuel consumption in the end use sector. First, a climate change mitigation policy leads to a substantial shift towards electricity consumption in the end use sectors (Appendix 6), as highlighted in other studies (Krey et al. 2013 (this issue); Sugiyama et al. 2013 (this issue) ). This shift is observed predominantly in the transport and industrial sector, as in the building sector most of the services are already electricity based. The former two sectors are mainly dependent on direct consumption of fossil fuels even in the long run, so the potential for shifting towards electricity is higher. Second, with higher energy efficiency, along with the decrease in final energy demand, even the share of electricity decreases.
A climate policy, as it intends, leads to a sharp reduction in carbon dioxide emissions. Emissions, in 450_AllTech and 550_AllTech as compared to Base_AllTech, reduce by 22-36 % in 2030, 57-78 % in 2050, and 86-97 % in 2090 (Fig. 1b) . As carbon is valued, the relative price of carbon intensive fuels rises, increasing the share of carbon free fuels like nuclear and renewables, as well as technologies like carbon capture and storage (CCS) which can be deployed in combination with fossil fuels to reduce emissions. The stabilization targets are stringent and hence the entire portfolio of emission reduction technologies have an important role to play in achieving this target. In 2030, efficiency improvements lead to 4 % reduction in emissions under the no climate policy scenario (Base_LowEI relative to Base_AllTech).
It is interesting to note that under climate policy scenarios, efficiency improvements lead to only negligible additional decline in emissions (Fig. 1b) . This is similar to what is highlighted by Trudeau et al. (2011) for the Indian industrial sector: Energy efficiency alone will not be sufficient to reduce emissions in the industrial sector and other policies are needed for a low carbon transition. This is because once the carbon tax effect is already in place, the impact of further primary energy consumption reduction due to higher efficiency is mainly on low carbon energy sources like nuclear and non-biomass renewables. The decline is 18-22 % for nuclear and 22-26 % for non-biomass renewables in 2090. Interestingly, emissions under the 3.7 W/m2 stabilization advance technology (550_LowEI) scenario increase by 6 % (35 MTC) in 2090 compared to climate policy with reference technology scenario (550_AllTech). This increase is mainly due to slightly higher energy consumption in the industrial sector, which as explained earlier, is on account of the rebound effect. Industrial sector, though mainly consuming electricity due to carbon tax effect, still has almost 10 % consumption of fossil fuels, the consumption of which increases when service demand increases due to rebound effect. Thus even though energy efficiency improvements lead to a reduction in the primary energy demand, this is not translated in commensurate decline in the carbon emissions as the decline is mainly on low carbon energy sources. Under no climate policy scenario however, efficiency improvements lead to significant decline in emissions as mentioned in section 3.1, though still far from the target envisaged by climate policy.
Co-benefits from increasing energy efficiency
A policy targeting energy efficiency improvements can have many co-benefits. These cobenefits need to be distinguished from the primary intended benefits of a higher end use energy efficiency policy, which is the reduction of primary energy demand through reduction of final energy consumption in the end use sectors. The analysis of co-benefits is very important for understanding the importance of end use energy efficiency policies. From a developing country's perspective, co-benefits are very important consideration for the policy makers. We highlight and discuss four important co-benefits of a policy targeting higher end use energy efficiency. These are-higher energy security, reduction in local air pollutants, reduction in capital investment requirement for electricity and reduction in marginal abatement cost.
The first important co-benefit is higher energy security. We estimate that India's import dependency grows substantially in the near future, and it is not only due to oil (Refer Appendix 7). Oil import dependency grows from over 70 % in 2015 to almost 90 % in 2035. Coal imports also rise from 24 % in 2015 to 61 % in 2035. Natural gas imports will be negligible in 2015 with increased production from newly discovered gas fields in India, but as its demand grows and production increases at a slower pace, natural gas import dependence rises to 46 % in 2035. Consequently India's import bill rises by more than two and a half times between the period, from 110 Bn US$ in 2015 to 290 Bn US$ in 2035(2010 prices). 4 With improvement in energy efficiency, oil imports under the reference scenario decrease by 101 Million barrels of oil equivalent (Mboe) in 2020 and 266 Mboe in 2035 (Fig. 2a) . With significant increase in natural gas production, imports requirement will not be high in the near term and consequently decline will also not be significant at 4.2 Bcf of gas. However in medium term, with increasing efficiency, imports will decline significantly by 175 bcf of gas in 2035. Coal imports will also decline by 50 Mtce in 2035. Reduction in fossil imports will lead to savings in the import bill for India, which will increase from 5 Bn US$ in 2015 to 33 Bn US$ in 2035. This is predominantly on account of reduction in oil imports.
The second important co-benefit is reduction in local air pollutants, which have many negative health effects (Garg et al. 2003 ). Due to lower income level of developing countries, the economic value of the losses from these effects is very high and generally it is borne by the poor sections of the country. Irrespective of the policy scenario, energy efficiency improvements lead to reduction in these local air pollutants. Here we track four pollutants-black carbon (BC), carbon mono-oxide (CO), nitric oxides (NO x ), and sulfur dioxide (SO 2 ). Two important points need to be highlighted here. First, the highest reduction due to energy efficiency improvements is observed under the no climate policy scenario (Base_LowEI compared to Base_AllTech, Fig. 2c ). Second, a climate policy itself leads to significant reduction in the non CO2 gases, and potential for further reduction due to energy efficiency improvements is limited at best.
The third important co-benefit is decrease in capital investment requirement for electricity generation. The report on integrated energy policy (GoI 2006) highlights the huge investment requirement for electricity sector. It also mentions the importance of public private partnerships for mobilizing this investment, which highlights that like many other developing economies, capital investment is a bottleneck for India in increasing the electricity generation capacity for providing adequate power to millions without it. Two important points need to be highlighted here. First, irrespective of the policy scenario, energy efficiency improvements lead to significant decline in the investment requirements-1.3 TrUS$ under the Base scenario, 3 TrUS$ under the 550 policy, and 3.1 TrUS$ under the 450policy between 2010 and 2090 (Fig. 2d) . Second, a climate policy will lead to substantial increase in investment requirement with more expensive renewable and CCS technologies taking higher share in the future, more so post 2050. Interestingly, the cumulative savings across the century for the two mitigation scenarios is almost similar, though the time path differs. Fourth, energy efficiency improvements will also lead to decrease in abatement cost incurred in meeting climate policy targets 5 (Fig. 2b) . Under the climate policy scenarios with reference technology assumptions, total abatement cost between 2020 and 2090 is 22 TrUS$ in the 550_AllTech scenario and 38 TrUS$ in the 450_AllTech scenario. With higher end use efficiencies, the cost of meeting the climate change mitigation targets will also be lower. The cumulative decline in the abatement cost during this period is 5.4 Tr US$ under the 550_LowEI scenario and 7.5 Tr US$ under the 450_LowEI scenario. For each year there would be a significant decline in the abatement cost, with the savings increase sharply post 2050. For 2020 itself, the reduction is 1 Bn US$ for 2.6 W/m 2 stabilization and .5 Bn US$ for the 3.7 W/m 2 stabilization target. Thus, there is substantial potential for reduction in MAC through end use energy efficiency improvements.
Conclusion
Energy efficiency policies are important from the perspective of energy demand reduction, emission mitigation, as well as other co-benefits. Our paper focuses on these issues and analyzes the role of end use efficiency improvements in climate change mitigation policy for India. We analyze one no climate policy scenario and two climate policy scenarios with different stabilization targets. Under each of the three policy scenarios, we analyze two scenarios-one with reference end use technology assumptions and another with advance end use technology assumptions-to understand the role of energy efficiency improvements. There are some important insights from our analysis.
In terms of energy demand, we found significant potential for energy demand reduction and differential effect of efficiency improvements on the end use sectors with most of the decline concentrated in the buildings and transportation sector. The role of energy efficiency in reducing building and transport sector demand is very important under both no climate policy as well as climate change mitigation policy scenarios.
In terms of emission reduction, while energy efficiency improvements are an integral part of climate policy, by themselves they are not sufficient to achieve mitigation targets. Efficiency improvements lead to significant decline in carbon dioxide emissions under the no climate policy scenario, but negligible additional decline under the climate policy cases. It should be noted here that a climate policy will itself lead to higher share of energy efficiency technologies due to price effect. As the fuel prices rise due to carbon tax, technologies with higher efficiency will become more competitive in the market. E.g. the share of LED lighting technology increases under the climate policy scenarios as compared to CFL or incandescent lighting technologies.
Finally, we highlight and quantify four co-benefits of energy efficiency improvement policy. Energy security is enhanced with reduced import dependence of oil and gas in the short and medium run. Significant reduction in local pollutants is found which can have many positive health impacts. Capital investment requirement for electricity is reduced substantially which can free public and private resources for investment in other human and infrastructure development activities in India. Also, abatement cost for meeting climate change mitigation policy targets is significantly reduced with a lower burden on the economy. We should note here that some co-benefits like reduction in local air pollutants and capital investment are a function of the baseline and primary energy mix. Baseline scenarios with lower energy consumption and emissions will lower the potential for these co-benefits.
It should be highlighted that in the paper we have only focused on the benefits of end use energy efficiency reductions, however, there would also be cost attached to bringing these efficiency changes. Increasing the pace of energy efficiency development will imply higher investment in research and development, and technologies which are more energy efficient will be more capital intensive, but once developed will benefit for decades and centuries. In an analysis of energy efficiency programs in the USA, Gillingham et al. (2006) , in their review of existing literature, mention that an investment of 3.13 Bn US$ per exa-joule of energy saving was required in efficiency improvements for residential appliances. When energy savings are compared with cost estimates, efficiency standards are likely to have positive net benefits even before environmental benefits are included. Cost effectiveness studies suggest that energy efficiency has been found to be relatively inexpensive when compared to conventional energy supply resource options (National Action Plan for Energy Efficiency 2009). For the industrial sector as well, implementation costs across a broad spectrum of sub-industrial categories and activities for the US were found to be lower than the savings through higher energy efficiency measures (Kirsch and Medina 2000) . However, we note here that the industrial sectors across countries vary vastly in terms of their structure and technologies, and results from one region might not be representative of any other region. Cost of energy efficiency improvements could very well be quite high for some industrial sector measures.
Climate change mitigation is a global priority and the role of energy efficiency in it cannot be over emphasized. From the perspective of India, or any other developing country, the cobenefits of any intervention aimed at climate change mitigation become important considerations and can aid in justifying the investments in that policy. Energy efficiency has the potential of taking an important role in energy and emission management strategy for the end use energy sectors in India-especially the building and transportation sector. Energy demand for all the sectors-buildings, industry and transportation-can be managed more sustainably and effectively if energy efficiency is given an important role in these, easing the pressure on energy supply for meeting the increasing demands of a growing economy.
